We demonstrate the use of fluoride windows to temporally separate the lower orders produced in high harmonic generation. We use this technique to conduct a VUV pump/IR probe experiment on the ethylene molecule.
Introduction
The spectrum of odd harmonics produced by intense femtosecond lasers in gas targets is typically divided into a "plateau" regime, where the harmonic yield is comparable from one harmonic to the next, and a "cutoff" regime, where the harmonic yield falls off rapidly with photon energy. Neglected in this description are the first few orders (3, 5, 7) which are usually much more intense than the plateau harmonics. A thin fluoride window (e.g. MgF 2 , CaF 2 , and LiF) can be used to separate these harmonics in time due to their different group velocities in the material. For example, the group velocity dispersion (GVD) of a 200 µm thick MgF 2 window will separate the third and fifth harmonics of the 800 nm Ti:Sapphire laser by 180 fs while compensating for the intrinsic negative chirp of the harmonics and compressing the pulses [1, 2] . We demonstrate the technique using a thick (2.1 mm) MgF 2 window to isolate the fifth harmonic of a Ti:Sapphire laser for a pump/probe experiment on the ethylene molecule. The technique is easy to implement in many existing systems. For example, temporally separating the low orders in one arm of a split beam interferometer of the type described in [3, 4] can be used to conduct VUV pump/soft x-ray probe measurements without building a separate beamline to generate each.
Results
High order harmonics are generated by loosely focusing (f = 4 m) 20 mJ, 35 fs, 810 nm, laser pulses into a 5 cm long gas cell with laser-drilled pinholes, filled with 4 Torr of Xe. We estimate the fundamental intensity focused at the gas cell to be 3 × 10 14 W/cm 2 . The harmonic and fundamental beams are then allowed to diverge for 3 m where they are incident on a pair of superpolished Si mirrors set at the 800 nm Brewster angle (74.9
• ). These Si mirrors remove the fundamental and reflect the harmonics [5] . With the fundamental removed, the harmonic pulses are transmitted through the 2.1 mm thick MgF 2 window with the c-axis oriented parallel to the propagation vector of the beam. We use a turning mirror with a 2 mm hole drilled 45 degrees to the surface normal to combine the VUV beam with 80 fs 810 nm probe pulses with variable delay. The VUV pulses are transmitted through the hole while the IR pulses are reflected with the central portion of the beam missing. The now colinear beams are both reflected by an R = 20 cm metallic coated spherical concave mirror into an ethylene molecular beam. Ions produced in the focal region are selected by a 2 mm aperture and directed to a time of flight mass spectrometer. Ionization proceeds through multiphoton absorption because the 10.5 eV ionization potential of ethylene is larger than the pump and probe photon energies. The ionization signal is thus greatly enhanced when the IR probe pulse is temporally coincident with one of the temporally separated harmonics. Figure 1 shows the C 2 H + 4 ion yield vs. pump/probe delay and second order theory using the group velocity and GVD for MgF 2 [1] . We found the IR pump/IR probe time zero by rotating the polarization of the harmonic generation beam so that it is partially reflected by the Si Brewster angle beamsplitters and focused into the molecular beam. The positions of the transient multiphoton ionization signals agree well with theory. The signal at the position of the fifth harmonic is much larger than at the third because the fifth harmonic is resonant with the V state (ππ * ) of ethylene [6] . signal by 31 ± 7 fs due to internal conversion and electronic relaxation in the molecule [7] . Note that although the third harmonic at 267 nm is also incident on the molecular target 1.8 ps earlier, its does not affect the experiment because its photon energy is below the first absorption band of ethylene and it does not excite the system. This will be true for any "solar blind" system. The third harmonic would not be negligible, however, if it were temporally coincident with the fifth harmonic, as it would contribute strongly to the multiphoton ionization signal.
Our results also place constraints on the initial pulse length and chirp of the fifth harmonic produced in our HHG setup before the window. Since the time constants for isomerization and electronic relaxation in the ethylene V state are much shorter than the instrument resolution [7, 8] , the width of the transient signals is dominated by the (chirped) VUV pulse length. By fitting the C 2 H + 4 peak with a Gaussian, we get a FWHM of the raw signal of 157 fs. Because the energy of two additional 810 nm photons are needed in addition to the energy of the pump photon at 162 nm to ionize ethylene, we deconvolve the contribution of the 80 fs, 810 nm probe pulse assuming the signal is proportional to the square of the 810 nm intensity to retrieve a 162 nm pulse length of 146 ± 10 fs after the window. Accounting for the dispersion of the window, we find the shortest incident pulse length, τ 0 , consistent with our data is 16 fs. Assuming the largest possible τ 0 = 35 fs (that of the fundamental) yields an intrinsic chirp parameter β = −3.1 × 10 27 rad/s 2 .
